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Abstract 

When new CP-violating interactions are dominated by flavor changing neutral 
particle exchanges, that may occur in many extensions of the standard model. We 
examine a type 3 two Higgs doublet model and find that direct CP asymmetries 
can be as large as about 25% . Time-dependent and time-integrated mixing-induced 
CP asymmetries up to 85 and 40 %, respectively, are possible without conflict with 
other constraints. It mainly requirs an enhanced chromo-magnetic dipole h ^ sg 
decay to be close to the present experimental bound. 

PACS numbers: ll.30.Er 12.60.Fr 13.25.Hw 13.40.Hq 

The CP-averaged radiative exclusive decay B K*+'^ and inclusive decay B 
represent the first observation of electromagnetic penguins. The CP-averaged branch- 
ing ratios are consistent at the 2a level with those [§] expected from a loop involving a 
top quark and boson in the standard model (SM). Within the present uncertainties 
from both experimental measurements and theoretical calculations, it is difficult, only 
from the CP-averaged branching ratios, to distinguish the differences between the uncer- 
tainties and new physics effects. However, it does not mean that contributions to the 
amplitudes from new physics are less important than the one from the SM. This is be- 
cause, if there exist new interactions involving new CP-violating sources, the magnitude 
of the amplitude A^f^ from new CP-violating interactions can become comparable with 
or even larger than the one ^f*/p from the SM even when radiative decay rate mea- 
surements are roughly that expected from the SM. This happens when the contributions 
to the radiative decay rate from the interference term 2Re{A^JfjpA^fJ][,*) almost cancel 
with the one l^ff^^p, i.e., I^f^^p ~ -2Re{A%%pA^f^*). This shows that as long 
as the relative phase between the two amplitudes ranges from about (27r/3) to (47r/3), 
I^empI 'will become larger than |v4'|^p|. In this case, it will be alternatively interesting 
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to investigate CP asymmetries in radiative B decays to probe possible new physics effects. 
In ref. 0, we have shown how this case occured in a type 3 two Higgs doublet model 
(2HDM) that was motivated from exploring new CP- violating sources . The model can 
lead to a sizable direct CP asymmetry in the radiative inclusive decay 6 — 57 due to 
new CP-violating sources in the charged Higgs sector. Other models (such as supersym- 
metric models) with possible large direct CP violation were also discussed in ref.|0]. In 
this note we will show that by simply adding a fourth generation of quarks and leptons 
in the type-3 2HDM, direct CP asymmetries in radiative inclusive decays can be larger 
than 25%. The time-dependent and time-integrated mixing-induced CP asymmetries in 
radiative exclusive decays can be as large as 100% and 50% respectively due to additional 
new CP- violating sources via flavor changing neutral particle exchanges (FCNEs). The 
important new contributions arise from the penguin loop in which is replaced by the 
neutral scalar bosons Hj^ and the top quark is replaced by the fourth beauty 6'-quark with 
charge (—1/3). One of the new interesting observations is that CP asymmetry due to the 
inteference between penguin amplitudes via charged and neutral scalar exchanges (i.e., 
purely new physics) can become dominant and larger than the one from the interference 
of standard and scalar exchanges. The main reason for such large CP asymmetry is due 
to significant chromo-magnetic dipole contributions. In this case, an enhanced b ^ sg 
decay will have a branching ratio of order (6 — 11)%. The values at this level appear 
to be favorable in understanding the large branching ratio of B ^ rj'K decays reported 
recently by the CLEO Collaboration Q]. 

We begin with a model independent description on CP asymmetries in radiative B decays. 
Writting the amplitude for the processes B Xg^y {q = s,d) as Ax^-y =< Xq'y\Og^\B > 
C!^^+ < X,7|0f^|S > with O^f = -iGpm,/AV2n')eqa^'^PL,RbF^. with Pl,r = 
(1 ± 75)72, the coefficients Cb,^ can be expressed by the following form 



For the charge conjugate processes B X^y, one has 

r<L,R _ q*riL,R* , ■ q*(-iL,R* f 

+ ^{vrCif*f,y + vrCif*Q (2) 

where v1 = V*gVib (i=t,c,u) with Vij being the CKM matrix elements. Cqg^ and C^jr^ 
(f=c,u) are Wilson coefficient functions for gluon emission and four quark operators. 
fq-yy fn /«7 represent virtual corrections to the matrix element due to final state 
interactions or rescatteringsp], |^. 

To see how the CP asymmetry observable A'^^^ is sensitive to new physics, we may 
decompose {v = -f,g) and C^f (/ = u,c) into two parts: C^^^ = C^j^ + Cj^^^/v^ 
and Cgj^ = Cqf^ + C^jr^/vl. Where C^j'^ denote the contributions from the SM and 
represent the corrections from possible new physics. In the SM, one has C"™^ = 
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f[Cq^^{f )vy v1]{f = t, c, u) with Cg^^{f) are Wilson coefficient functions corresponding 
to a loop-quark /. As the photon in the SM is predominantly left-handed and rriu, rric <C 
rrit, to a. good approximation, we will ignore the contributions from coefficient functions 
C*^ and Cg^{f) with f = c,u. It is also expected that new physics effects at the tree level 
are small in comparison with the one in the SM, namely, jC*^/! "C \Cgf\ and |C*^| <^ 1 
with f = c,u. With these considerations, CP asymmetry is given by 
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^7 

CP ^ r-T ^ 2 

^97 F _L F \nL 12 _L \nR 12 



r + r - \c^,\' + \c^,\ 

+ (C,Vc./m(C',>r) + C^;/„,/m(C'>r)) 

(/m(C'^^C'^;) + /m(C'f^C'f;)) /\v'^\' (3) 



where the last term is the pure standard model contributions and the third term represents 
pure new physics effects. The ffist two terms arise from the interference between the SM 
and new CP-violating interactions. Here the ffist term is related to the chromo-magnetic 
dipole operator and the second term to the four quark operators. For simplicity, we will 
not consider contributions from gluon bremstrahlung processes as they do not affect our 
main conclusions. 

To demonstrate which CP-violating sources may lead to a significant CP asymmetry in 
the radiative B decays, we ffist consider the case that only one of new CP-violating 
interactions plays a dominant role. In this case the third term in the bracket of eq.(3) 
vanishes since C^^^ and C^^^ have the same phase. For the decays B ^ Xg + •y, CP 
asymmetry from the SM is below The second term in the bracket of eq.(3) is 

suppressed either from the CKM matrix element 1^^/^^ | <^ 1 or from phase space factor 
that was found at the leading-order to be fc-y — 0.145/^^ ~ 0.16/c,-^ and fg-y = 2as/9 



101 . In this case, possible significant CP asymmetry in the decays B ^ Xg + 'j will 
mainly arise from the ffist term in the bracket of eq.(3). We further consider the case 
that ^ IC'^P and will focus on the ffist term in the bracket of eq.(3). Its maximal 

value occurs at (0^^ + Re{Cq^/v1) ~ 0^ with Im{C^^/v1) ~ ±|C*^| even when radiative 
decay rate measurements agree with the SM predictions. One then has for this case 

„CP I 

""^'^'"^"^ " ^ 9 [C^^it) ImiC^^M) ) 

where C^^{t) and Cqgif) have been evaluated to the next-to-leading order corrections]^. In 
our present considerations, only leading-oder corrections [p]] are needed. When evaluating 
with asirrib) ~ 0.214 and mt{mt) = 175GeV, we have C^^{t) ^ -0.31 and C^g{t) ~ -0.15. 

To apply the above model-independent analyses to extensions of the SM, we ffist consider 
the simple type-3 2HDM presented in p, p. The important new contributions to penguin 
loops arise from new CP-violating sources in the charged Higgs sector. In that case, we 
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have Im{C^^/vf) = Im{Xg^)C^^^ {v = 'y,g). Here xf^ = 66 with being complex 
couphngs 0. and are integral functions 0. For charged Higgs mass ranging 

from mH+ — 100 GeV to mH+ — 1 TeV, we find that the corresponding values of the 
maximal CP asymmtry range from ax^^\max — ±5% to ax^^\max — ±10%. It is of interest 
to note that the values of the above defined maximal CP asymmetry increase as the 
charged Higgs mass goes up. This is because the ratio C^^ /C^^ increases as the charged 
Higgs mass becomes larger. 

We now consider another interesting case in which new CP-violating interactions are 
dominated by flavor changing neutral particle exchanges (FCNEs). This case may occur 
in many extensions of the SM. As a simple example, we further consider the type-3 2HDM 
by adding a fourth generation of quarks and leptons with heavy neutrinos. It has been 
pointed out by Cheng and Sher|T2| and others and reemphasized by Hall and Weinberg 



[[T3| that FCNE may be suppressed by an approximate flavor symmetry. The scalar 
interactions concerned in our present considerations are given in the physics basis by 

Ls = {V2G,f"j:Hl[strb,b'^ + S^lb',bn 

k=l 

+ Y.^S'^S^Lb'n + S'i:lb',q^) + h.c] (5) 

q=s,d 

with Sl^'' being parameterized by the averaged masses Sl^'^ = ,yfrijmjrilj\ rjlj^ are com- 
plex coupling constants. Where = {h, H, A) are the three physical neutral scalars. 
H2 = plays the role of the Higgs boson in the SM. We will neglect the fourth t' 
quark effects by assuming small mixings <^ It is then not difficult to find 

that ImiC^Jv!) = Imixf)C^: {v = 1,9) with xf = ^ {m, / Am^^'J , C^^ = 
r/i6/23[_i^(^^,) + |E(^,,)(,^-2/23 _ 1)] and C^J = r^^^'^^E{yy) (here yy = ml/ml, and 

7] = as{mw)/c(s{mb) — 0.56). Of particular interest, the ratio C^g /C^^ is independent 
of the neutral Higgs masses. To leading-order contributions, we have C^g /C^^ ~ —5.3. 
This leads to a parameter- independent maximal CP asymmetry a^^^\max — =f55% and 
an enhanced branching ratio for chromo-magnetic dipole decay b ^ sg sX the level 
B(b sg) ~ 22%. 

When going back to the general case, we find that for B Xg'-y processes when uiho — 
my and 'mH+ — 200GeV, Im{xf~^) — 0, Re{x^^) — 4.5, Im{x^° /v^) ~ ±7.0 and 
Re{Xq° /vf) ~ —0.09, the resulting direct CP asymmetry is v4^f^ ^ =f27%. Here =f54% 
arise from the pure CP-violating scalar interactions and ±27% from the interference of 
standard and neutral scalar exchanges. Note that these two contributions have an opposite 
sign. The resulting branching ratio of the chromo-magnetic dipole decay b ^ sg is found 
to be B{b —>■ sg) ~ 7%. This value is very close to a preliminary experimental bound 
6.8% (Ref. 14) much larger than the SM predictions B{b sg) ~ 0.2%. This limit is 
increased to 9.0% at 90% C.L. if one uses more recent charmed baryon and chamonium 
yields presented in Refs. 15 and 16 and makes use of the relative and A^, yields given in 



Ref. 17 . Since there may exist large uncertainties when extracting the upper bound |T8 
we shall use the current bounds only as a reference. 
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Note that the following interesting case may occur, i.e., the direct CP asymmetry may 
become small but mixing- induced CP asymmetries suggested recently by Atwood, Gronau 
and Soni||l9| could be large. The mixing- induced CP asymmetries require both the and 



to be able to decay to a common final state. In the radiative B decays, both should 
decay to states with the same photon helicity. Let A^'^ and A^'^ denote the decay 
amplitudes of 5° X^-^l^r and B^ — > X^jl^h, respectively. We find that the amplitudes 
for emission of left- and right-handed photons in — > + 7 are approximately A^ oc 

v?C^, + vlxfC^-; + xTC^° and A^ cc xfC^," {xf = ^irnjAm,)4^^^4t}). It is seen 
that freedom of the parameters Xq^ ^ Xq" and Xq° allows us to obtain solutions which 
satisfy \A^\ ~ \A^\ with a maximal CP- violating phase. It is easy to obtain a solution: 
Im{x^° /vf) — ImXq^ — (i.e., new contributions to direct CP asymmetries will be 

negligible), Rexf^ ^ 3.7, Re{xf ht) ^ -2-2 and |xf' | ^ 9.9 for mH+ ^ 200GeV 
and mji^o ~ mfc/.Such solutions will lead to maximal time- dependent mixing-induced CP 
asymmetry Aq{t) = (T(t) — T(t))/{T{t) + T(t))\max — ±sin(AmBt) and time-integrated 
mixing- induced CP asymmetry Aq\max — ±46%. For this case, we find that the branching 
ratio for the chromo-magnetic dipole decay h ^ sg is B{b sg) ~ 11%. Such a value was 
found PD[ to be interesting in understanding the recent observation 0] of large branching 



ratios concerning 77' yields in the charmless B decays. The values at this level were also 
known to be favorable to lower the theoretical predictions for the semileptonic branching 
ratio of 5 ^ X^ev decay from B{B X,ez7) = 12% to B{B X^ev) = 10.8%. When 
taking B{b sg) ~ 6%, we find that Aq{t)\max — ±0.87 sm{ Am Bt) and Aq\max — ±40%. 
It is noted that the resulting ranges of the parameters are consistent with other constriants. 
In particular, it does not affect very much the B^ — B^ mixing. Therefore, mixing-induced 
CP asymmetries in radiative exclusive B decays are sensitive to new physics that may 
only lead small contributions to the B^ — B^ mixing. It implies that to distinguish from 
new physics phenomena that may have large contributions to the B^ — B^ mixing, one 
may use, except by directly measuring this mixing, the mothed discussed recently by 
London and Soni[^ by measuring the CP angle (3 via hadronic b ^ s penguin decays 
and comparing its value to that obtained in B ^ "ip^s- 

In concusion, though CP-averaged branching ratios of radiative B decays are roughly those 
expected from the SM, its radiative decay amplitudes can still receive larger contributions 
from new CP-violating interactions beyond the SM. Such phenomena can be probed by 
the obervation of sizable CP asymmetries in radiative B decays and an enhanced chromo- 
magnetic dipole decay b ^ sg. The analyses presented here can easily be applied to many 
extensions of the SM, such as SU(2)x U(l) with vector-like quarks as well as nonminimal 
supersymmetric standard models [0, |2^, where one should carefully analyze all possible 
contributions together from various interactions. It is of interest to note that direct CP 
asymmetries and mixing-induced CP asymmetries in radiative B decays as well as CP 
asymmetryies in hadronic 6 — s penguin decays probe, to a large extent, different new 
physics effects and may compensate each other. 
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